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Ca!i11)a,  L.  b.,  Jh.  1989.  Arthrolxu  ter  species  as  a  prey  cell  reservoir  for  nonobligate  bacterial  prcdaiois  in  soil.  Can.  J. 

Microbial.  35:  559-569. 

The  possibility  was  investigated  that,  in  soil,  Arthrobacter  species  might  serve  as  a  major  reservoir  ot  prey  cells  for  the 
nonobligate  bacterial  predators  in  the  soil.  Previous  evidence  had  indicated  this.  Arthrobacter  f’Inbifonnis  cells  added  to  soil 
caused  an  increase  in  the  total  bacterial  count  and  the  gram-negative  bacteria  count  of  the  soil.  Copper-resistant  bacterial 
piedators,  such  as  Ciipriavichis  necator,  also  increaseil  in  number,  apparently  in  response  to  the  A.  f’lohiforniis  cells.  Other 
bacterial  predators  did  iiot  re.spond  to  A.  ^lobifoimis.  Certain  soil  bacteria  responded  specifically  and  quickly  (within  2.5  h) 
to  the  A.  ^lobiformis  cell  additions.  They  had  gliding  motility  and  could  hydrilyre  GELRITE*  (the  solidifying  agent  for 
media).  Addition  of  these  hydrolyzer  bacteria  to  .soil  caused  marked  increa.ses  in  the  total  bacteria  count,  the  gram-negative 
bacteria  count,  and  the  bacterial  predator  counts.  The.se  responses  mimicked  those  for  ,•1.  [tlobifonnis  soil  additions.  The 
results  from  an  alternative  method  of  soil  incubation  that  speeded  up  the  proce.s.scs.  and  from  other  observations,  indicated 
that  the  large  apparent  bacterial  predator  attack  on  A.  t-lobijormis  in  soil  may  actually  be  on  other  bacteria  in  soil  that  respond 
to  A.  ylobifonnis  in  a  nonpredatory  manner.  Therefore.  A.  lilobijorniis  and  other  Arthrolnicier  species  may  not  be  serving 
as  a  major  reservoir  of  prey  cells  in  soil. 

Key  words:  predation,  predators,  prey,  soil,  Arthrobacter. ^  ^ 

Casioa,  1..  H.,  Jr.  1989.  Arthrobacter  species  as  a  prey  cell  re.scrvoir  for  nonobligate  bacterial  predators  in  soil.  Can.  J. 

Microbiol.  35  :  559-564, 

b'ne  investigation  a  eie  entrepnse  sur  la  po.ssibilite  qiie.  dans  Ics  sols,  dcs  especes  d' Arthrobacter  puisseni  servir  de  reser¬ 
voir  niajeur  de  cellules  de  proic  pour  dcs  prcdaicurs  bactcriens  non-obligc..  dcs  .sols.  Dcs  resultats  aruericurs  avaient  indique 
cette  possibilite.  L'ajout  dans  dcs  .sols  de  cellules  d'/tl.  ulobijortnis  a  cause  une  augmentation  du  nombre  total  de  bacteries 
et  de  cclui  dcs  bacteries  Gram  negatives  dans  ccs  sols.  Dcs  predateurs  bactcriens  resistants  au  cuivre,  comme  le  Ciipriavidus 
necator.  ont  aussi  augmente  cn  nombre.  apparemment  cn  reponse  it  la  presence  des  cellules  d  A.  t’lohiformi.s.  D'auircs  preda- 
teurs  bact(:riens  n'ont  pus  repondu  a  la  presence  d'A.  plohijormis.  C.'ertaines  bacteries  du  sol  oni  rept  nou  spcciiiquement  ct 
rapidenient,  soil  en  dedans  de  2.5  h,  it  l'ajout  de  cellules  d'A.  Klobifonnis.  Ccs  bacteries.  dont  la  molilite  s'opcrait  p;ir  glisse- 
nicnt,  ont  pu  hydrolyscr  Ic  GELRITE  (un  agent  do  solidification  des  milieux  de  culture).  L'addition  de  ccs  bacteries 
hydrolysantes  dans  des  sols  a  cause  des  augmentations  marquees  dans  le  nombre  total  de  bacteries  cl  dans  cclui  des  predateurs 
bactcriens.  Ccs  reponses  eoncordaient  avec  cclles  d’additions  de  cellules  d'A.  globijormis  dans  les  sols.  Des  resultats  obtenus 
par  une  metlKKle  alternative  d'incuhation  permeiiant  d'acliver  les  processus,  appuyes  par  d'autres  observations,  ont  indique 
que  I'ampleur  apparente  tie  I'atiaquc  des  predateurs  bactcriens  sur  I'A.  alobijormis  dans  les  sttls  pourrait  bien  avoir  etc  exercee 
sur  d'autres  bacteries  dcs  soK  qui  repondent  a  la  presence  d'A.  filobifonnis  tl'unc  fayon  autre  que  pur  predation.  Conscquetii- 
ment,  il  est  possible  que  I'A.  glohifonni.'i  et  d'aulics  especes  d' Arthrobacter  ric  servent  pas  de  reservoir  majeur  de  cellules 
de  proie  dans  les  sols. 

Mots  cles  :  predation,  predateurs,  proie.  .sol.  .Arthrobacter. 

I  fraduit  pur  la  revue] 


Introdiictuin 

Cells  oi'  Arthrohacter  spcctcs  occur  in  large  numbers  iti  soil. 
In  fact,  some  workers  consider  that  the.se  bacteria  constitui’ 
the  largest  bacterial  populatittn  that  is  detectable  in  soil  by  ^tm- 
ventional  bacteriological  prtieediircs  (boyicn  197.3).  Arih.ro- 
hucter  ulohiformi.s  is  an  example  of  these  soil  A;  ihiohacter 
species.  In  soil,  A.  ylohifonniv  is  attacked  by  indigenou;;  cells 
of  the  bacterial  predators,  Cu/triuvulu.'t  necator  tMakkar  and 
C'asid  i  19876)  and  slr.iin  L-2,  hut  nett  by  -,omc  (Rbcr  Ic.ss 
powerful  predators  (Zeph  and  Casida  1986).  CuprUividus 
necator  and  strain  L-2  are  representatives  i  f  the  copper- 
resistant  bacterial  predators  (Casida  1988).  'ine.se  are  non 
obligate  predators,  and  they  cun  u  iuck  aii  an  ay  o!  other  bac¬ 
terial  species,  including  other  bacterial  prcdaltirs.  Etom  the 
foregoing,  it  woukl  appivi  laat  soil  Arthrobacter  species  can 
serve  as  a  large  reservoir  ol  potential  prey  cells  for  the  coppei  • 

'Paper  no.  79!  7  In  the  journal  series  of  fhe  Pennsylvania  Agricul¬ 
ture  E:xpei  iment  Station. 
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resistant  bacterial  predators,  If  true,  then  fluctuations  in 
Arthrobacter  species  numbers  in  sttil  should  affect  the 
numbers  of  the  predator  bacteria.  This  in  turn  should  al'fect  the 
numbers  of  other  poicntial  prey  ceil  species  for  the.se  preda¬ 
tors.  For  example,  addition  to  soil  of  unique  nutrients  for 
Arr/iwftncR'/- species  could  activate  them  or  even  increase  their 
nmiiocrs,  followed  by  inci eased  predator  numbers  The  latter 
would  not  only  attack  Arthrobacter  species,  but  also  attack  any 
other  prey  species  in  the  vicinity.  This  predator  response 
would  be  somewhat  like  that  proposed  by  Mallory  et  al. 
(198,3)  for  protozoa  when  they  haw  .iltcrnative  prey  bacteria 
avail.;ble. 

The  present  study  was  undcitukcn  to  detc.minc  whether,  in 
soil,  Arthrobacter  species  do  serve  as  a  huge  prey  cell  resc 
voir  for  bacterial  predators  such  as  C  necator  and  related 
types.  The  tilternativc  [jossibility  examined  was  whether  the 
predator  attack  that  is  seen  might,  in  part,  be  ;m  indirect 
response  to  other  soil  bacteria  that  respond  in  a  nonpredaloiy 
fa.shion  to  Arthrobacter  species, 
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Materials  and  methods 

Oti’iini^iitx  ci’iil  nu'i/ui 

An/iro/hicrcr  i;l<ihifiinius  lAI'CC  8(110),  CKpiitiviJia  nccauir 
(ATCC  4,^2^^ I )  ( Makk.ir  and  Ca>ida  ld87/>).  and  '.train  I. -2  (/.epli  and 
Casida  I486)  ware  maintained  on  slants  oi  l).  1  strength  heart  inlusion 
agar.  Strain  I. -2  wa.s  a  eopper-rosistant,  nonohligate  haetorial  preda¬ 
tor  of  bacteria  in  some  wa\s  reseinhling  C  /u’liiinr.  W, ashed  .s[xrre 
and  (I'r)  ersstal  suspensions  o(  BihUIh.s  r/in/vne/c/i.v/.v  (H-i>pe  .’^u.2b-2) 
were  prepared  as  deseribed  by  Petras  and  Castd;i  1 148?). 

Washed-eell  suspensions  ol'.d.  g/o/uydn/i/.v  were  prepared  for  eolls 
grown  in  heart  infiision  broth  (lull  strength),  tryptie  soy  broth,  or 
synthetie  inedta.  The  media  were  dispensed  as  40  ml.  per  ,s(X)-mI. 
batne-hottom  llask.  Modifted  N-l  svnthetie  medium  eontained  0.1  rf 
NHXI,  O.r;  de.xirose,  0. 1 'i-r  KM^PO,,  0.02'4  Na^SO^,  and  0.02?; 
NaCl.  pH  7.0,  adiusted  with  KOH.  AG  svnthetie  medium  eontained 
0.2?':;  KH.POj,  0.02?;  Naj.SOj,  0.02?;  NaCI,  0.1?;  KNO,.0.02?; 
M.aCO  -bHjO.  0.02'?  CaCh  ■  2H,0.  0.01';;  FoCl,-6HjO,  and 
0.2?'';  dextrose.  pH  7.4.  adjusted  with  KOH.  The  Gti  Kl  I  H  (Lin 
and  Casiua  1484)  hydroly/ers  were  grown  in  tryptie  soy  broth,  in 
GF.l.RITK  broth,  or  on  milk  agar.  The  GFil.RlTE  broth  xvas  full- 
strength  heart  infusion  broth  eontaintng  0.2?;  GELRITE.  hut  without 
added  magnesiuni.  1  he  GELRITE  was  broken  up  with  a  sterile  glass 
rod  pisl  before  inoeulation.  The  inoeulated  llasks  for  the  various 
media  were  shaken  for  2-.?  days  at  27'C  before  washing  the  eells. 
Milk  agar  was  plaeed  in  petri  plates.  It  eomprised  nutrient  agar  to 
whieh  had  been  added  0.1  ?f  yeast  extract  and  1 .0??  nonfat 
dehydrated  milk  powder.  After  incubation  of  the  plates  for  5  days, 
the  cells  were  gently  scraped  from  the  agai  surface  with  5  ml.  of 
double-distilled  water,  then  washed.  All  except  the  synthetie  media 
were  Difeo  produets  (Difeo  Laborattnies,  Detroit.  MI). 

Soil  Inruh/itiiiiis 

Soils  R,S84,  RS8?.  and  R.S86  were  a  Hagerstown  silty  eluy  loam. 
They  were  obtained  from  different  I'iekis  arul  at  ditterent  tunes  Irom 
a  farm  near  litiiversity  Paik,  PA.  The  soil  pH  values  were  6. .7,  4.9, 
and  respeetively. 

The  soils  were  incubated  in  various  ways.  For  the  soil-bottle  proee- 
diire,  the  soil  wxis  passed  through  a  .f-mm  sieve,  then  10-g  portions 
were  added  to  sterile  1 -ounce  (ea.  29.6  ml.)  screw-cap  bottles.  .Sterile 
Water  (1.2  ml-),  washed-eell  suspension,  or  chemical  solution  were 
added  to  bring  the  soil  to  60?;  of  its  moisture-holding  capacity 
(MHC),  The  caps  were  left  partially  loose  during  incubation.  Ineiiba- 
tioi.  usually  was  for  .f  days  at  27  C’.  Longer  incubations  of  the  sod 
were  involved  when  sequential  additions  of  washed  A.  ^lohiforniis 
cells  were  made.  At  time  zero.  L2-ml,  portions  of  wash  d  cells  or 
Water  were  added  to  several  bottles  of  soil.  Further  additions  of 
0  .TniL  pi.'nions  of  cell  suspension  or  water  were  made  at  4.7.11. 
19,  and  2?  days.  1  herefore.  some  of  the  bottles  that  had  reeeived 
cells  at  lime  /en,  iCccived  water  at  all  succeeding  tinics,  while  others 
reeeived  additional  eells.  Other  bottles  reeeived  only  water  at  all 
times,  including  time  /ero. 

.Soils  Were  also  incubated  by  shaking  for  24  h  with  added  water  or 
cell  suspensions,  For  these  trials.  1  g  of  soil  was  plaeed  in  a  sterile 
tube  with  9  ml.  of  sterile  distilled  water.  Two  drops  of  washed  cell 
suspension  were  added.  The  soil  plus  water  and  eells  in  the  tube  were 
then  mi.xed  thoroughly  with  a  Vortex  Genie  Mixer  (Amerieaii  Hos¬ 
pital  .Supply  Corporation,  livanston.  IT)  and  poured  aseptieally  into 
a  sterile  ?lX)-ml,  F.rienmeyer  llask.  1  his  was  shaken  24  h  at  27  C'. 
Further  dilutions  lor  plating  were  then  prepared  from  this  10  ' 
diluti(>n. 

The  vvashed-eell  suspensions  that  were  addeil  to  soil  provided  num¬ 
bers  of  eells  per  g  of  soil  as  follow's  For  A.  ^lolnjorniis.  the  numbers 
WL-re  1 .0  .c  jO'  tor  ceils  grown  in  nulneiil  brolh,  and  9,0  x  |0''  for 
eells  grown  in  Iryptie  soy  broth.  GLI.KITF.  hvdrolyver  strains  487 
ami  (iFfkP  grown  111  tryptie  soy  broth  gave  4  0  x  l()'anil4,0  x  lO"'. 
lespectively  .  per  g  of  soil.  I  he  GF2KP  eounl  |iossibly  ts  low  heeaiise 
ol  diflieiilly  in  eoiinting  them.  The  II.  ihorini.’n'nsi},  spores  gave 
.7,9  X  10"  per  g  of  sod. 


Mifrohial  ciiiimtriifiori 

-Soil  dilutions  were  made  in  10-fold  inercmenls  in  tubes  containing 
9  ml.  1)1  sterile  distilled  vvatei .  Haeh  uihe  was  thoronghly  mi.xed  with 
a  vorte.x  mi.xer  before  1  ml.  was  removed  for  preparing  the  next  dilti- 
lion  of  the  sequence.  The  ililiittons  were  plated  on  various  media. 
Colony  mmibers  for  copper-resistant  haeicria  and  lungi  were  deter¬ 
mined  on  0.1  sirength  heart  infusion  agar  eonlainiiig  0.01''; 
CuCL  ■  2HiO  (pH  6.?).  Colony  mimhers  for  total  haeierial  eounts, 
wholher  copper  resistant  or  not.  were  determined  using  a  medium 
containing  0.01  .strength  heart  infusion  broth,  0.01 'i  i -alanine. 
0.07?;  MgCL  •  6HjO.  andO.fi'V  GELRITE  (Lm  and  Castda  1984)  to 
solidify  the  medium.  It  was  important  that  the  MgCI,  •  bHit)  be  dis¬ 
solved  eompletely  before  adding  the  GELRITE.  The  medium  was 
poured  at  6(CC  into  petri  plates.  Gram-negative  bacteria,  whether 
copper  resistant  or  not.  were  enumerated  on  a  similar  medium  but 
with  crystal  violet  added  to  give  4.9  (iM  before  adding  the  GELRITE. 

.All  Incubations  of  soils  and  plates  were  at  27°C.  The  plates  were 
incubated  ?  to  6  days 

The  numbers  in  soil  oi  C  ocro;.  r  „:id  L  2  eells  were  estimated  by 
the  method  of  Makkar  and  Casida  (1987i/l. 

The  .soil  enumeration  results  are  pre.sented  in  A  ways.  .Some  of  the 
results  are  staled  as  the  actual  numbers  of  organisms  that  w  ere  prc.sent 
at  the  sampling.  Other  results  are  presented  as  the  ratio  (relative 
inerea.se  in  numbers)  ot  the  count  at  a  given  time  for  soil  incubated 
with  added  eells,  as  compared  vvith  the  control  soil  incubated  for  the 
.same  period  hut  with  onlv  water  added.  Lastly,  some  of  the  results 
arc  pre.sented  as  the  ratio  of  the  eounts  at  a  given  time  during  incuba¬ 
tion  to  the  count  tb-.ii  was  present  at  time  zero.  This  allowed  the  con¬ 
trol  values  to  be  shown  where  only  water  was  added  to  the  soil  before 
It  was  incubated. 

Results 

Natural  (nonsicrili/cd)  soil  w;is  inctibtiled  2  ways  f't'r  these 
trials.  In  order  to  roughly  approxiiualc  its  state  in  nature,  soil 
was  placed  in  bottles  and  adjusted  to  60??  ol'  MHC  tor  incuhti- 
lion.  Alternatively,  to  speed  up  niierobial  aetivity .  soil  was 
submerged  in  water  and  incubated  shaken  in  a  flask. 

Soil  bottle  incubations 

Arthrobacter  I’lobifonnis  was  incubated  .1  days  in  bvvttles 
containing  10  g  of'  soil  adjusted  to  60?;  of  MHC.  The  controls 
received  w'uter  instead  ofzl.  ulohifonnis  cells.  Table  1.  based 
on  six  repeat  experiments  vvith  three  .soils  (two  tor  each  soil), 
shows  that  the  total  bacterial  count  and  the  gram-negative  bac¬ 
teria!  count  of  ihe  soils  responded  strongly  to  A.  ^lohifonnis 
additit'ii.  Smaller  responses,  however,  also  occurred  lor  the 
bacterial  predators,  C-  na  aior  and  strain  L-2.  The  numbers 
of  the  zl.  iilohiformi.s  cells  in  the  soil  decreased  only  slightly 
during  the  incubation.  This  was  shown  in  rrther  trials  that 
extended  over  a  grettter  period  of  time.  For  example.  9.4  x 
Uf’  ee!ls/g  soil  at  time  z.cro  was  5.3  x  10^  at  6  days  and 

2.2  X  10"  at  3  weeks. 

The  nature  of  the  predator  haeicria  responses  wtts  evaluated 
by  making  sequential  additions  of  ,4.  i^liibiformis  to  the  soil, 
as  oppo.sed  to  just  one,  initial  addition.  The  responses  of 
indigenous  C  /(('cr/frjz  and  strain  L-2  eells  in  the  soil  are  seen 
in  Figs.  1  anil  2.  It  would  appear  that  making  several  additions 
of  A.  filobijonni.s  lo  soil  did  not  to  ;tny  exieiii  increase  the 
C.  necauir  or  strain  L-2  count  beyond  that  for  a  single  addi¬ 
tion.  N()  increases  occurred  tl  only  water  wa.-'  aclilcu. 

(iltitamie  acid  ( 1 .2  ml,  of  a  1  7c  solution)  was  added  to  soil 
instead  of  adding,  A.  ^lohijonui.s  eells.  As  a  result,  the  numbers 
of  C.  nceator  ;ind  strttin  !,-2  io  the  soil  each  lose  to  1.3  x 
lO'vg  soil  within  3  dtiys.  Their  inititil  numbers  in  the  soil  were 

1.3  X  10' and  2.3  x  10',  respeetively. 
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Tabu-  1.  Relative  inereases  in  haeierial  einiiUs  tnr 
soil  ineubated  5  days  at  6l)tV  of  MHC  with  added 
-•(.  alohiformis  eells  as  eoinpared  with  eontrol  soil 
ineubated  with  only  added  water 

Baeteria  Increase  in  count.  Ibid 

Total  count"  %(20-.^l)6) 

C'lrani  negative  2Q5(.'^-X62) 

C.  ni'Ciitor  4 

I.-2  10 

Null  ■  lliL'  \allk■^  iiir  loiul  S'kini  .iml  cram  ik'Caiive  arc  .ocracc-. 

Iiir  cvis’riiMcnt^  kiili  ihc  three  soil,  itv-n  (vt  m'iIi.  Tlic  i.tnjtc'. 
ti)i  tile  values  .irc  shossn  ssithin  Ihc  paicntticses  I  he  <  nrrauir  .lira 
strain  1.-2  Sallies  are  tnr  ths'  KSX4  soil 
"Restaual  111  .4.  \'lfihijfinw>  eells,  or  an_s  nuiltiplisMtlon  ot  them, 

"a.s  tKH  a  coinponcnl  nt  the  ti»Val  couEit. 

Oiriirrcncc  of  hydrolyzcr.'i 

Total-bacteria  counts  made  on  GELRl  PE  medium  (no 
crystal  violet)  tor  soils  that  had  been  incubated  with  added 
A.  ginhiformis  cells  showed  some  small,  concave  depressions 
on  the  surt'acc  ot  the  medium.  In  general,  they  were  about  2 
to  7  inm  in  diameter  and  1  to  3  mm  deep.  In  .some  ca.ses.  how¬ 
ever,  they  extended  down  through  the  meditim  to  the  gla.ss 
bottom  ot  the  petri  plate.  The  organisms  that  cau.sed  these 
depressions  did  not  necessarily  produce  a  defined  colony  at  the 
btittorn  of  the  depression,  Separate  experiments,  not  reported 
here,  showed  that  these  organisms  were  able  to  hydrolyze 
GELRITE, 

The  relation  of  GELRITE  hydrolysis  to  A.  glohiformis  was 
studied.  Arthrohaewr  glohiformis  was  grown  in  tryptic  soy 
broth,  full-strength  heart  inlusion  broth,  modified  N-l  syn¬ 
thetic  medium,  or  AG  synthetic  medium.  The  cells  were 
washed,  added  to  bottles  containing  either  RsS.ST  or  RS85  soil, 
and  incubated  for  3  days.  Dilutions  of  the  .soil  then  were  plated 
for  total  counts  on  GELRITE  medium.  Incubation  of  the  RS84 
.‘■oil  (pH  6.3)  with  A.  glohiformis  cells  yielded  2.6  x  10'' 
(SD  ±  2.5  X  10")  GELRITE-hydrolyz.ing  cclls/g  of  .soil. 
Incubation  with  the  RS85  soil  (pH  4.0)  gave  3.9  x  10'  (.SD  + 
3.6  X  10'),  Only  occasionally  did  a  GELRITE  hydroly/.cr 
occur  in  the  ab.scncc  of  A.  glohifonnis.  For  those  counts,  the 
depressions  in  the  GELRITE  medium  were  apparent  regard- 
Ic.ss  of  the  pre.scnce  of  other  bacterial  colonies  on  the  low 
dilution  plates.  Growth  of  Strcptoniyccs  species  and  Bcu  illii.s 
mycoidcs  from  the  soil  did  not  interfere  because  these  organ¬ 
isms.  in  some  manner,  were  held  in  check  when  A.  glahijormi.s 
was  added  to  soil.  The  choice  of  the  medium  tor  the  initial 
growth  of  A.  glohijhrmi.s  to  siblain  the  washed  cells  did  not 
affect  the  results.  The  culture  filtrates  obtained  Irom  growth 
of  the  A.  glohifonnis  cells  in  either  of  the  .-synthetic  media  did 
not  cause  growth  of  the  GELRITE-hydrolyz.ing  organisms 
when  the  filtrates  were  added  to  the  soil.  This  was  ;ils(>  true 
for  a  10-fold  concentrate  (rotary  vacuum  evaporator)  made  of 
the  modified  N-l  synthetic  mediutn  filtrate.  Therefore,  the 
activity  apparently  resided  with  the  cells  themselves.  In  three 
separate  trials,  A.  globifornii.s  cells  that  had  been  autoclaved 
before  addition  to  the  soil  retitined  3.  19,  and  .  respcc- 
liveiy,  of  then  abiiiiy  to  stimulate  growth  t)f  the  Ubl.kl  li, 
hydrolyzing  organisms  in  the  soil. 

In  addition  to  A.  glohiformis,  only  Micnn-m-ais  lulruM 
stimulated  the  tiELRl  PE  hydrolyzers.  T  o  show  this,  washed 
cells  of  various  bacteria  (grown  in  full-strength  heart  infusion 
broth)  were  incubated  3  dtiys  in  R.SH4  soil.  ArihnihiUicr glohi 
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Ftti.  1-  Growth  response  of  indigenous  C.  neralor  cells  in  soil  to 
.sequential  additions  ol  washed  .4.  gtohifarmis  cells.  The  cell  adilitions 
were  made  at  time  zero  without  Itinher  additions  (  ),  or  at  time  zero 

but  with  further  additions  (eiimtilativo)  tilso  nitide  at  eaeh  of  the 
suiiipliiig  times  excejn  the  finai  one  at  .’2  days  i#i. 


fonnis  gave  2.0  x  10"  GELRITE-hydrolyz.ing  organisms/g 
soil,  and  M.  lutem  gave  7.0  x  10',  There  was  no  hydrolyzer 
organism  response  to  addition  to  soil  of  Agrohculerium 
tumefacim.s,  Agromyccs  rom<mt\.  Nocardia  .udmonicolor,  or 
hschcrichiu  coli.  There  also  was  no  response  to  Barillu.'i 
ihuringien.'ii.s  spores  and  (or)  crystals,  or  tt>  strains  50  or 
GF3RP  eells  (see  later)  grown  on  milk  agar  or  in  GELRITE 
broth.  Note  that  neither  A.  glohiformis  nor  M,  liitcus  can 
hydrolyz.c  GELRITE  on  their  own. 

Addition  of  aqueous  solutions  of  various  compounds, 
in.stcad  of  A.  gluhijdrmis.  to  provide  1 .0  mg/g  soil  did  not 
cause  the  appearance  of  GELRITE-hydrolyz.ing  oiganisms. 
The  compounds  tested  were  GELRITE,  dipicolinic  acid,  argi¬ 
nine.  tryptophan,  threonine,  and  isolcueine. 

The  response  t)f  the  indigenttus  GEL.RITE-hydroly/.ing  cells 
in  soil  to  addition  of  washed  A.  glohijomii.s  cells  (grown  in 
tryptic  soy  broth)  occurred  very  quickly.  GELRIT'E- 
hydrolyz.ing  organisms  were  not  present  (It)”*  dilution  of  .soil) 


at  time  z.ero.  1  h.  and  3  weeks.  They  were  deteeted,  however,  - 
aftei  a  2.5  h  soil  incubation  (3.6  x  lO'/g  soil )  and  after  6  days 
(2.0  X  lO'/g  soil). 


So,  ■  esponsr  lo  hydrolyzer  isohilc.s  - 

<  noted  abtive,  various  GHI.RI'PH-hydrolyz,ing  bacteria - - 

-  .  ‘.’-cd  up  when  A.  glohifornii.s  cells  were  incubtitcd  in  soil. 

lorcc  rcprc.scntativcs  of  these  btictoria  were  isolated  for  "  '  ~ 

further  study.  They  were  designated  as  strains  50.  487,  and  - 

GF3RP.  .Strain  50  hytirolyzed  GELRITE  on  isolation  (rom  .s)k3 
soil,  but  lost  the  ability  iluring  later  translcrs  on  media  not 
containing  (iE.LRITL.  The  other  isolates  retitined  the  ability. 
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Fk;.  2.  Growth  response  ol  indigenous  strain  L-2  cells  in  soil  to 
sequential  idditions  of  washed  A.  fflobijormis  cells.  The  cell  additions 
were  made  at  time  ?.ero  without  further  additions  (  or  at  time  zero 
but  with  further  additions  (cumulative)  also  made  at  each  of  the 
sampling  times  except  the  final  one  at  32  days  (•). 

The  three  isolatc.s  were  gram-negative  rods  that  demonstrated 
gliding  motility.  Their  taxonomic  position  was  unclear, 
however. 

Strains  GF3RP,  50,  and  487  were  added  to  soil  in  bottles 
and  incubated  for  3  days.  The  results  were  approximately  the 
same  regardless  of  which  of  these  organisms  was  cho.sen  or 
which  soil  was  used.  For  eight  experiments,  the  total  bacteria 
count  of  the  soil  intrca.scd  33-fold  more  (range  =  18—68) 
when  the  organism  was  added  than  it  did  for  soil  incubated 
with  only  water  added.  The  gram-negative  bacteria  count  of 
the  treated  soil  increased  516-fold  more  (range  =  140-950) 
than  it  did  for  the  water-control  soil.  These  results  were 
obtained  regardless  of  the  medium  used  for  growth  of  the 
hydrolyzers  (i.e.,  milk  agar,  GELRITE  broth,  or  tryptic  soy 
broth).  Autoclaving  of  the  hydrolyzer  culture  cells  before 
incubation  in  the  soil  also  did  not  change  the  results.  Although 
two  of  the  three  hydrolyzers  could  still  hydrolyze  GELRITE, 
addition  of  1  mg  GELRITE  (dry  powder)  per  gram  of  ,soil 
along  with  addition  of  cells  of  the  hydrolyzer  organism  did  not 
affect  the  soil  total  bacteria  counts  or  gram  negative  counts 
attributable  to  the  hydrolyzers.  Also,  addition  to  soil  of  GEL- 
RI  TE  by  itself  without  adding  the  hydrolyzer  organism  did  not 
increase  the  soil  counts. 

In  comparing  various  experiments  in  which  the  hydrolyzer 
bacteria  of  A.  ^lohifonni.s  had  been  incubated  3  days  in  soil 
bottles,  it  appeared  that  the  results  were  similar.  For  example, 
a  direct  comparison  of /(.  filohiformis  and  strain  50  in  the  same 
experiment  showed  the  following.  Relative  to  the  results  for 
soil  incubated  with  only  water  added,  ttie  increase  in  total  bac¬ 
teria  was  68-fold  greater  with  strain  50  addition,  and  87- fold 


with  A.  ^lohiformi.'i.  The  grain  negative  count  increased 
931-fold  with  strain  50  and  861 -fold  with  A.  i^lohiformi.s. 

Sfuiki’ii  P(Lsk  incuhiitians 

Various  bacteria  were  added  to  soil  that  had  been  placed  in 
tla.sk.s  in  an  excess  of  water.  The  soil  was  then  incubated  by 
shaking  the  tlasks  for  24  h  at  27 °C.  This  was  done  to  speed 
up  the  interaction  of  predator  cells  with  prey  cells.  It  was  also 
done  to  increase  the  rate  at  which  the  soil  total  bacteria  count 
and  gram-negative  bacteria  count  would  respond  to  the  organ¬ 
isms  added  to  the  soil.  Finally,  it  was  done  to  decrease  the 
amount  of  time  available  for  the  occurrence  of  sequential 
events  in  the  .soil.  An  example  of  the  latter  was  bacterial  mul¬ 
tiplication  that  could  not  occur  until  the  multiplication  of  other 
bacteria  had  occurred.  The.sc  goals  seem  to  have  been 
achieved  (see  Table  2).  Note  that  the  results  are  stated  slightly 
differently  than  before,  i.e.,  the  results  are  stated  as  the  rela¬ 
tive  increase  in  cell  numbers  after  incubation  a.s  compared 
with  the  value  at  time  zero.  This  allowed  the  control  values  to 
be  shown  where  only  water  was  added  to  the  soil  before  it  was 
incubated. 

With  the  soil  incubations  carried  out  in  this  manner 
(Table  2),  the  .soil  total  bacteria  counts  and  gram-negative  bac¬ 
teria  counts  in  response  to  the  GELRITE  hydrolyzers  (in  this 
case  GF3RP  and  487)  no  longer  were  the  same  as  for  the 
rc.sponses  to  A.  f^lohiformis.  The  incubation  lime  period  (24  h 
total)  may  have  been  too  short  to  allow  the  buildup  in  soil  bac¬ 
terial  numbers  when  starting  with  A.  ^lohiformis,  but  not  when 
starting  with  the  GELRITE  hydrolyzers.  There  was  a  strong 
buildup  in  the  numbers  of  the  bacterial  predators,  i.e.. 
C.  necator,  strain  L-2,  and  the  other  copper-resistant  types. 
These  predators  increased  in  number  in  response  to  both 
A.  f’lohif  'r  us  and  the  GELRITE  hydrolyzers.  .Simultane¬ 
ously  wiin  this,  the  numbers  of  the  GELRITE  hydrolyzers 
decreased,  as  would  be  expected  il  they  were  being  attacked 
by  the  predators.  The  numbers  of  A.  glohiformis.  however, 
did  not  decrease.  In  fact,  a  five-fold  increase  was  observed.  A 
possible  interpretation  is  that  A.  f'lohiformis  was  not  being 
attacked  by  the  predators  to  any  extent. 

Discussion 

In  preliminary  studies  (results  not  reported),  use  of  agar 
plates  with  the  overstreak  procedure  of  Casida  (1988)  showed 
that  the  growth  of  A.  fih/hifonnis  was  not  affected  by  being 
admixed  with  various  eoppcr-rcsi.stant  bacterial  predators, 
including  C.  nevutor  and  strain  L-2.  These  trials,  however, 
were  on  agar  plates  and  inM  in  soil.  For  organisms  actually 
residing  in  soil,  arguments  can  be  raised  for  considering  that 
A.  f’lohiformis  is  a  major,  if  not  the  major,  source  of  prey  cells 
for  nonobligatc  bacterial  predators  of  bacteria  in  soil.  First,  of 
course,  is  the  conclusion  (Boylen  1973)  that  Arthrooaacr 
species  comprise  the  largest  group  of  bacteria  in  soil,  at  least 
for  those  that  can  be  isolated.  In  addition,  it  was  shown  by 
Zeph  and  Ca.sida  (1986)  and  the  present  study  that  indigenous 
cells  of  the  copper-resistant  bacterial  predators,  including 
C.  necator  and  strain  L-2.  increa.scd  in  number  in  soil  in 
response  to  added  A.  f’lohiformis  cells;  other  less  powerful 
predators  did  not  respond  (Zeph  and  Casida  1986).  This 
increase  in  predator  cell  number,  however,  could  not  he 
incTca.sed  further.  For  example,  sequential  additions  o\ A.  filohi- 
farmis  cells  showed  a  buildup  in  numbers  of  C.  necator  and 
strain  L-2  after  the  first  addition  of  A.  f’lohiformis  cells,  but 
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Tahi  1-.  2.  Relative  mereases  in  eoll  numbers  tor  various  indigenous  soil  baetenal  populations  during  a  24-h  ineuba- 
lion  with  washed  eells  ol'  ,-l.  strain  (iH3RP,  or  strain  487 


Haeioi  la 

1  line  zero, 
eoimls/g  soil  R.SX.s 

Inerca.se' 

(told)  in  count 

after  addition  of: 

water  only 

.*1.  i^lohifonfiis 

t.f3Rl> 

487 

Total  count'’ 

3. .3x10' 

3.9 

12. .3 

87. .3 

22.30 

(Irani  negative 

(1.3  X  10' 

9.7 

1  1 ,39 

444 

Copper-iesislant' 

LI  xlO' 

10.4 

177.8 

1778 

178 

C.  nccalor  +  1,-2 

.3.6X10' 

2769'' 

101  (KfO 

74  214 

1 5  6.32 

Recovery  of  added  organistn.s' 

— 

— 

4.9 

0.1 

0,3 

Ci'tiipitrcil  \Mth  viiluc  .it  iitne  /cro;  ni>l  un  a  rmio  lo  the  inctoa''e  in  numbers  when  waier  al*>ne  Wits  mideil  m  the  mmI  I«n  ineiihation 

^'Kesidual  1)1  the  added  oi^aniMii,  or  lurlher  iimliipliealton  ol  it,  is  not  a  eonipiinem  ol  the  total  etuint. 

‘Resistant  to  (1.01 'V  (’uC'ij  ■  2H/). 

■'Represents  attack  on  indigenous  prev  cells. 

'Residual  of  added  organism,  t^r  turther  multiplicatiim  ol  it.  at  end  of  experiment. 


not  utter  siiecceding  udditions.  The  Kick  of  lurlher  buildup  in 
predator  nun'ibei  s  was  not  due  to  their  attain. .leut  'aI' a  inaxi- 
ntum  possible  iiuniher  for  the  predators  in  soil.  This  was  eon 
eluded  beeausc  additions  of  glutainie  ueid  instead  of  prey  cells 
to  soil  quiekly  elevated  the  indigenous  C.  ncccitor  and  strain 
I.-2  numbers  to  a  much  higher  level  than  was  obtained  by 
adding  A.  ^lohiformis  cells.  The  glutamic  acid  acted  by  serv¬ 
ing  as  an  alternate  carbon  source  for  growth  of  these  non- 
obligate  predators  (Makkai  and  Casida  1987/>).  and  for 
production  of  the  growth  initiation  factor  needed  for  their 
iniiiatioii  of  growth  (Casida  1987). 

The  fact  that,  after  the  initial  response,  further  additions  of 
-T  iilohijormis  cells  to  soil  did  not  provide  additional  increases 
111  the  iiuinbeis  of  C.  nccalor  and  stiain  L-2  could  mean  that, 
in  soil,  the  predators  were  responding  only  partially,  if  at  all. 
to  the  added  A.  .iilnhiformi.s  cells.  Instead,  the  predators  might 
be  responding  to  some  other  bacterium  that  had  increa.sed  its 
growth  in  response  to  A.  .I’lohiformis.  The  response  of  the 
other  baeterium  to  A.  ^lohiformis  would  not  have  to  be  a 
predatory  rcspon.se.  One  possibility  is  a  response  to  .some 
stimulatory  chemical  elaborated  by  A.  glohifonnis.  Aeiually, 
A.  ^lohiformis  was  previously  known  to  have  some  ability  of 
this  type  (Labeda  ct  al.  1974).  Addition  of  .4.  i’lohiformis  cells 
to  soil  did,  in  fact,  markedly  stimulate  the  apparent  multiplica¬ 
tion  of  another  kind  of  bacterium,  the  indigenous  GELRITE- 
hydrolyzing  bacteria.  Miororoocus  luteus  was  the  only  other 
baeterium  from  among  those  that  were  tested  that  was 
stimulatory,  but  the  ntimbeis  of  this  bacterium  are  usually  low 
in  soil. 

The  fact  that  these  bacteria  hydrolyzed  GELRITE  did  not 
seem  to  be  significant  other  than  that  they  could  be  detcelcd 
on  media  solidified  with  GELRITET  The  reason  behind  the 
response  of  indigenous  GF.I.RITE  hydrolyzcrs  in  soil  lo 
A.  j^lohifonnis  was  unclear.  They  did  not  respond  to  addition 
to  soil  t)f  pure  GELRITE,  various  other  chemicals,  or 
A.  culture  filtrates.  They  did,  however,  respond  to 

autoclaved  cells  of  A.  i^lohijonnis .  When  the  respon.se 
occurred,  it  apparently  was  not  one  of  extensive  cellular  mul¬ 
tiplication.  This  is  concluded  hecaiise  it  occurred  so  quiekly. 
i  e.,  within  2  h.  This  would  seem  tn  indicate  that  the 
response  actually  was  sonic  kind  of  a  breaking  of  dormancy  of 
a  preexisting  population.  It  is  not  known  whether  ey.sts  might 
represent  the  dormant  form. 

In  soil  bottles  incubated  .3  days  at  60'%  of  soil  MHC.  'he 
increases  in  niinihers  off.  nciator.  strain  L-2,  total  haeleria. 
and  gram-negative  bacteria  in  respon.se  to  added  GELRITE¬ 


hydrolyzing  cells  were  about  the  same  as  when  A.  ^lohifonnis 
cells  were  added  to  soil  instead  of  the  GELRITE-hydrolyzing 
cells.  Since  A.  ^^lohifonnis  had  the  ability  to  quickly  activate 
a  preexi.sting  population  of  indigenous  GELRITE-hydrolyzing 
cells  in  the  .soil,  the  responses  of  the  other  bacteria  to  A.  i^lolii- 
formis  addition  to  the  soil  may  actually  have  hecn  to  the 
GELRITE-hydrolyzing  cells  that  were  responding  to  A.  ulohi- 
formis.  Further  indication  this  might  be  the  ease  was  obtained 
by  using  the  procedure  of  adding  the  soil  to  an  excess  of  water 
in  llasks  that  were  incubated  by  shaking  for  24  h.  Addition  of 
the  GELRITE  hydrolyzcrs  to  soil  handled  in  this  way  eau.scd 
marked  increases  in  numbers  of  the  total  bacteria,  gram- 
negative  bacteria,  and  copper-resistant  bacterial  predators 
(including  C.  lU'calor  and  sliaiii  L-2).  Addition  lo  soil  ol' 
A.  f’lohiformis  instead  of  the  GELRITE  hydrolyzcrs,  how¬ 
ever,  cau.sed  multiplication  of  only  the  predator  bacteria.  In 
this  case,  there  was  plenty  of  time  for  the  indigenous 
GELRITE-hydrolyzing  bacteria  to  become  activated  by  the 
A.  f’lohiformis  cells  and  then  undergo  some  limited  multiplica¬ 
tion.  This  would  make  them  susceptible  to  attack  by  the  preda¬ 
tors.  There  wa.s  not  enough  time,  however,  for  enough 
multiplication  to  occur  (in  response  to  the  indigenous  GEL- 
RITE  hydrolyzcrs)  of  the  total  and  gram-negative  bacteria  to 
cause  a  marked  increase  in  their  counts.  This  could  mean  that, 
with  the  longer  term  soil  incubations  as  in  the  bottles,  cither 
all  of  the  microbial  responses  to  A.  iilohifonnis  were  actually 
to  the  C'lELRITE  hydrolyzcrs  that  had  responded  to  A.  silohi- 
formis.  or  only  the  predator  responses  were  actually  assoe-iated 
with  the  A.  fflohiformis  cells.  An  argument  in  favor  of  the 
former  and  against  the  latter  is  tliat  A.  i^lohiformis  did  not  die 
back  in  the  soil  flasks  but  actually  multiplied.  Under  the  same 
conditions,  the  hydrolyzcrs  deereused  in  numbers.  Even  in  soil 
bottles  with  their  longer  term  ineiihations.  the  numbers  of 
added  A.  i’lohiformis  eells  only  slowly  declined  during  pro- 
hmged  incubation. 

As  noted  earlier,  sequential  additions  of  A.  f’lohiformis  cells 
lo  soil  in  soil  bottles  did  not  cause  a  corresponding  sequential 
inerea.se  in  bai.ti.  rial  predator  numbers.  This  strcngthcnetl  the 
argument  that  the  predator  respon.se  was  to  an  intermediate 
orgunisin,  such  a.s  the  hydn.'ly.zers,  instead  t'f  a  direct  attack 
on  A.  filohiformis .  A  possible  explanation  was  that,  when 
zl.  filohiformis  was  added  to  soil,  the  indigenous  hydroly/er 
bacteria  ri-sponded  lo  .d.  fflohiformis  by  breaking  dormancy. 
The  activated  hydrolyzer  bacteria  then  caused  the  miilliplica 
tion  of  the  other  bacteria.  However,  in  the  process  the 
hydrolyzer  bacteria  ul.so  suffered  serious  attack  by  the  preda- 
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tor  hiicleriu,  An  a  icsult,  the  hydroly/cr  bacteria  were  not  able 
to  respoiiil  again  when  the  next  atliliiion  o^.^.  iflaltijonnis  cells 
was  made  to  the  soil. 

As  noted  abiive,  the  results  of  these  studies  suggest  that 
Anhwhdcter  cells  siimulate  a  breaking  of  dormancy  by 
hydroly/er  cells,  which  in  turn  stimulate  extensive  multiplica¬ 
tion  of  other  bacteria,  both  grant  positive  and  negative,  in  the 
soil.  This  ttvcrall  sequence,  however,  appears  to  be  u.sually 
prevented  by  the  activity  of  the  bacterial  predators.  The  preda¬ 
tor  bacteria  attack  tlie  bydrolyt'.er  bacteria  (and  other  bacteria), 
hut  not  the  Arthrohiu  tfr  cells.  The  bacterial  predators  them¬ 
selves,  however,  are  held  in  check  by  the  fact  that  they  remove 
the  hydroly/.er  bacteria  from  major  activity  in  the  sequence. 
This  prevents  the  hydroly/.er  bacteria  from  responding  further 
to  the  Ari/irohacter  species,  and  the  other  bacteria  in  soil  from 
responding  to  the  hydrolyzer  bacteria.  As  a  result,  the  preda¬ 
tor  bacteria  do  tuit  benefit  from  additional  numbers  of  the.se 
other  bacteria  to  serve  as  prey  cells  for  them. 
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